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By means of inelastic neutron scattering we investigate finite temperature dynamics in the quan-
tum spin ladder compound (C5H12N)2CuBr4 (BPCB) near the magnetic field induced quantum
critical point with dynamical exponent z = 2. We observe universal finite-temperature scaling
of the transverse local dynamic structure factor in spectacular quantitative agreement with long-
standing theoretical predictions. At the same time, already at rather low temperatures, we observe
strong non-universal longitudinal fluctuations. To separate the two, we make use of an intrinsic leg-
exchange symmetry of the spin ladder. Complementary measurements of specific heat also reveal
striking scaling behavior near the quantum critical point.
Scaling is one of the cornerstone concepts in mod-
ern physics and plays a key role in understanding criti-
cal phenomena, particularly quantum phase transitions
(QPTs) [1–4]. Near criticality all physical properties are
described by a set of critical exponents and scaling func-
tions. These are universal and only depend on the sym-
metry and dimensionality of the problem (the universal-
ity class of the transition), but not on the microscopic
details of the Hamiltonian [5]. Unfortunately, the ac-
tual computation of critical exponents and particularly
the scaling functions is rarely possible analytically [6].
When it is though, these exact results can be quanti-
tatively applied to real word phase transitions, without
knowing almost anything about the microscopic details
of the experimental system.
One notable analytically solvable case are field-
induced quantum phase transitions in one-dimensional
(d = 1) quantum Heisenberg antiferromagnets (HAFs)
between their various gapped and gapless phases. These
transitions are understood in terms of a “condensa-
tion” of bosonic quasiparticles with a hard-core repul-
sion, where the magnetic field plays the role of a chem-
ical potential [7, 8]. The dynamical critical exponent is
z = 2. All other critical exponents [7–9] and scaling
functions are also known excatly [8, 10, 11]. A series
of recent experiments on the S = 1/2 chain compound
Cu(pz)(NO3)2 (pz denotes pyrazine) [12–17] and the
spin ladder system (C5H12N)2CuBr4 (BPCB) [18, 19]
have provided a spectacular verification of the predicted
scaling behavior of thermodynamic quantities and qua-
sistatic local fluctuations. However, the scaling functions
for spatial and temporal correlations at this transition
are also fully universal. Calculating them exactly is a
formidable task, but has been accomplished [10, 20–23].
Can they be also measured experimentally?
One recent attempt was made in inelastic neutron
scattering experiments on the spin chain compound
K2CuSO4Cl2 near magnetic saturation [23]. The mea-
surement of quantum critical correlations largely failed
due to an unexpected problem: for spin chains, the rel-
evant scattering from critical spin fluctuations trans-
verse to the applied magnetic field overlaps with that
from strong non-critical longitudinal fluctuations. In the
present work we overcome this seemingly insurmount-
able hurdle by performing similar measurements on a
spin ladder material, and exploiting the ladder’s intrin-
sic rung-exchange symmetry to separate the two types of
scattering. We measure the scaling function for the lo-
cal dynamic structure factor over one and a half decades
in ~ω/kBT and find a good agreement with exact re-
sults for hard core bosons. We also measure the scaling
of specific heat, and discuss some peculiar non-universal
features of the excitation spectrum.
Our target compound is the well known strong-rung
HAF S = 1/2 ladder system (C5H12N)2CuBr4 (BPCB)
[24]. The spin ladders are formed by magnetic Cu2+
cations linked by super-exchange bridges via Br− anions
[25]. They run along the a axis of the monoclinic crystal
structure (P21/c, a = 8.49, b = 17.22, c = 12.38 A˚,
β = 99.3◦ [24]), and are well separated by non-magnetic
organic piperidinium molecules (Fig. 1). The ground
state is a quantum spin singlet [26] with a gap ∆ ≈
0.8 meV in the magnetic excitation spectrum [25]. In an
applied magnetic field the degeneracy of the triplet band
is lifted by the Zeeman effect [27]. The present work
is focused on the z = 2 quantum phase transition that
occurs at a critical magnetic field Hc = 6.66(6) T applied
along the crystallographic b axis [28], at which the gap
for the lowest magnon branch closes and the ladder starts
to get magnetized [18, 27]. For all our measurements we
use fully deuterated single crystal BPCB samples grown
from a saturated ethanol solution by slow evaporation.
As a first step, we verify that the thermodynamics of
the transition is quantitatively consistent with exact re-
sults for the d = 1, z = 2 quantum critical point. The
scaling form of specific heat is given by CpT
−a = E(r),
where r = gµBµ0(H − Hc)(kBT )−zν is the scaled mag-
netic field. The spin stiffness m = ~2/JMin, JMin/kB =
5.07(10) K is directly determined from the measured
magnon dispersion (see supplement, [29]). Due to uni-
versality, the scaling exponents a = 1/2 and zν = 1 and
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FIG. 1. Schematic of the crystal structure of BPCB showing
the ladders formed by the magnetic Cu2+ cations and linking
Br− anions. Hydrogen atoms of the organic ligands are not
shown. The vectors d1,2 define the rung orientation of the
two inequivalent ladders in each unit cell.
the scaling function
E(r) = NAkB
pi~
√
2mkB
∫ ∞
0
dx
ex
2−r(x2 − r)2
(ex2−r + 1)2
. (1)
are exactly as for a gas of non-interacting Fermions with
a quadratic diespersion [8, 11]. Note that Eq. 1 contains
no arbitrary scaling factors [8]. It is plotted in Fig. 2(b)
as a solid line.
To compare this prediction to experiment, we carried
out relaxation measurements of the magnetic specific
heat of BPCB in a wide range of magnetic fields and tem-
peratures around the transition. The data were collected
on a 0.72(4) mg single crystal using a Quantum Design
PPMS equipped with a 3He-4He dilution refrigerator in-
sert. A calculated small nuclear spin contribution and
a phonon contribution extrapolated from high tempera-
tures were subtracted from the measured data. Typical
data are shown in Fig. 2(a). In agreement with expec-
tation, at H < Hc where the spectrum is gapped, the
heat capacity shows characteristic activation behavior.
At H > Hc, on the other hand, the observed temper-
ature dependence is linear, characteristic of the gapless
Tomogana-Luttinger liquid (TLL) regime [30]. To inde-
pendently determine whether the data obey scaling, we
adopted the approach described in Ref. [13]. For every
pair of critical exponents (a, zν) the scaled specific heat
CpT
−a was fit to a 5th degree polynomial of the scaled
field r = gµBµ0(H − Hc)(kBT )−zν . The mean squared
error (MSE) of the fit then serves as an empirical mea-
sure for the quality of the data collapse. Only data close
to the critical point, with 0.17 ≤ T ≤ 0.5 K and |r| ≤ 4
were included. The resulting MSE landscape is plotted
vs. a and zν in the inset in Fig. 2(b). Optimal scaling
is found for a = 0.57(10) and b = 1.01(10), in agree-
ment with the theoretical values a = 1/2 and zν = 1.
In fact, the latter produce an excellent data collapse, as
plotted in symbols in Fig. 2(b), where all data points
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FIG. 2. a) Representative constant-field measurements of the
magnetic contribution to specific heat in BPCB for a mag-
netic field along the b axis. b) Symbols: measured magnetic
specific heat for 0.17 ≤ T ≤ 0.5 plotted in scaled variables
with the scaling exponents a = 1/2 and zν = 1. The solid
line is the exact scaling function for free fermions in one di-
mension plotted with no adjustable parameters. Inset: False
color plot of the empirical measure of the quality of the data
collapse vs. the critical exponents as described in the text.
Optimal scaling is found for a = 0.57(10) and b = 1.01(10).
in the range 0.17 ≤ T ≤ 0.5 K were considered. A
spectacular agreement with the exact theoretical scaling
function is obtained with no adjustable parameters, not
even an overall scale factors. This validates BPCB and
the corresponding field-induced transition as a suitable
realization of the d = 1, z = 2 QCP. At T < 0.17 K small
3D interactions are relevant [31, 32], whilst for T > 0.5 K
we also begin to observe deviations from scaling.
The main purpose of this work is a direct measurement
of the scaling function for the dynamic spin structure
factor. For a spin ladder, the total spin structure fac-
tor (spatial and temporal Fourier transform of the spin
correlation function) Sαα(Q, ω) can be decomposed into
its symmetric and antisymmetric parts, Sαα+ (q‖, ω) and
Sαα− (q‖, ω), respectively [33, 34]. Here q‖ = Q · a is the
wave vector transfer along the leg a of the spin ladder,
which for BPCB coincides with the crystallographic a
axis. These two structure factors represent correlations
between the sums and differences of the two spins on each
ladder rung, correspondingly. In the transition at hand,
due to antiferromagnetic interactions on the ladder rungs
in BPCB, it is the antisymmetric fluctuations that be-
come critical. The dynamic structure factor is a tensor
quantity, but it is the spin components that are trans-
verse to the applied field that become critical. Thus, in
regard to universal critical dynamics, the quantity of in-
terest is S⊥− (q‖, ω). Here, we focus on the q‖-integrated
local dynamic structure factor.
S⊥− (ω) =
∫
S⊥− (q‖, ω)dq‖. (2)
What we seek to experimentally verify is that it follows
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FIG. 3. Inelastic neutron scattering spectra as measured in the spin ladder compound BPCB near the critical field Hc =
6.66(6) T. In the plotted range of energy transfer, the lower two of the three Zeeman-split triplet branches are visible. (a-
d) Low temperature (T = 0.35 K) evolution of the spectrum across the critical field. (b,e,f) Temperature evolution of the
spectrum at H = 6.5 T. (g) Antisymmetric rung structure factor s−(Q) in the covered range of reciprocal space. (h) Low
energy part of the H = 6.75 T spectrum. (i,j) Anti-symmetric and symmetric structure factor contributions determined for
the same data set as described in the text.
the predicted scaling form [8]
S⊥− (ω) = T−bΦ
(
~ω
kBT
)
, b = 1/2, (3)
with a completely universal scaling function Φ(x) that is
known exactly [8, 10, 20, 21, 23].
For BPCB we measured the dynamic structure factor
in inelastic neutron scattering experiments [35]. For this
we employed 4 fully deuterated single crystal samples of
total mass 2.07 g, co-aligned to better than 1◦ effective
mosaic spread. The measurements were carried out at
the LET cold neutron time of flight spectrometer [36]
at the ISIS facility, using neutrons of a fixed 2.2 meV
incident energy. The sample was mounted on a 3He-4He
dilution refrigerator in a 9 T cryomagnet, with the field
applied vertical along the crystallographic b direction (z
axis in our notation). Since all experimental scattering
vectors lie close to the horizontal (x, y) plane, for unpo-
larized neutrons, to a good approximation, the measured
scattered intensity is given by
dσ
dΩdω
∝ s+(Q) [Szz+ (q‖, ω) + S⊥+ (q‖, ω)] (4)
+ s−(Q)
[Szz− (q‖, ω) + S⊥− (q‖, ω)] .
Here the rung structure factors are given by the spatial
orientation of the rungs of the ladders [33, 34]
4s±(Q) = 2± cos(Q · d1)± cos(Q · d2), (5)
where d1,2 are the rung vectors of the two inequivalent
ladders in BPCB as shown in Fig. 1 [37]. An overview
of our neutron scattering data collected near the crit-
ical field is given by the false color intensity plots in
Figs. 3a-f). These intensities were integrated along the
non-dispersive b∗ and c∗ directions, and therefore contain
scattering from both symmetric and antisymmetric exci-
tations. The background for all data shown in this work
was collected at zero applied field at base temperature,
where we assumed there to be no magnetic scattering
other than in a single resolution-limited magnon band
between 0.8 and 1.5 meV energy transfer [25].
The three Zeeman-split magnon branches are clearly
visible in our experiments (the upper one is beyond the
range of the plots shown). The critical fluctuations that
are of primary interest here are descendants of the lower
branch that undergoes softening. From the data shown it
is obvious that at H > Hc (Fig. 3c and d), but also at the
critical field at elevated temperatures (Fig. 3e and f) this
part of the spectrum additionally contains a vague “in-
3
verted” band of excitations. This feature closely resem-
bles what is observed in Heisenberg S = 1/2 spin chains
near the field of saturation [23]. A direct connection is
established by the spin-ladder to spin-chain mapping de-
scribed in Ref. [33], and identifies the additional signal as
due to non-critical longitudinal spin fluctuations [23]. As
in the case of spin chains, these longitudinal excitations
rapidly gain spectral weight as the ladder is magnetized
(be it by increasing the magnetic field beyond Hc or or
by thermally populating the low-energy magnon band).
Eventually they become seemingly impossible to sepa-
rate from the transverse universal spin fluctuations that
we are interested in.
This is where the advantage of a spin ladder over a spin
chain comes into play: we can distinguish out the critical
fluctuations by their leg-exchange parity, rather than by
their polarization. Indeed, non-universal low energy fluc-
tuations are due to scattering within the lower magnon
band, conserve the number of magnons and therefore lie
exclusively in the symmetric channel [33]. A useful fea-
ture specific to the crystal structure of BPCB is the large
contract between the led-odd and leg-even structure fac-
tors (see Fig. 3g.) This allows us to separate the cor-
responding components as described in the Supplement.
As an example of this analysis, Fig. 3(h) shows the low
energy part of the spectrum collected at H = 6.75 T,
T = 0.35 K, as projected over all of reciprocal space,
with the two contributions overlapping. The separated
symmetric and anti-symmetric contributions are shown
in Fig. 3(i) and (j), respectively.
Using this approach and integrating the data over q‖,
we obtain the local dynamic structure factor S⊥− (ω). The
results for three temperatures T = 0.35, 0.75, 2.5 K ob-
tained at H = 6.5 T (almost exactly at Hc) are plotted
in symbols in the scaling plot Fig. 4, using three dif-
ferent values of the scaling exponent b. The value of b
that produces the best data collapse was obtained as in
the analysis of specific heat, using a 5th degree polyno-
mial fit. The resulting magnitude of the data mismatch
χ2 is plotted in the inset of Fig. 4. From its minimum
we determine b = 0.57(10) [38], where the theoretical
value b = 1/2 is within the error bar of the experimental
estimate. Disregarding this difference we can consider
the scaling plot with b = 1/2 to be our experimental
measurement of the scaling function Φ(x) in Eq. 3. Our
present data cover both the range ~ω > kBT , which es-
sentially reflects zero temperature properties of a dilute
bose gas, and the quantum relaxation regime ~ω < kBT ,
where magnons strongly interact with thermally excited
partners [8]. In this our results qualitatively surpass the
previous study on spin chains [23]. In that work, due
the narrow energy range accessible, the scaling exponent
could not be independently determined from experiment.
Moreover, only the low temperature regime was covered,
where measurements at several different temperatures do
not contain additional information as they all probe the
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FIG. 4. Scaling plot of the antisymmetric transverse local
dynamic structure factor component S⊥− (ω) near the critical
field at H = 6.5 T. For the predicted scaling exponent b =
1/2 all three data sets collapse onto a single continuous line.
The inset shows the quality of the data collapse for different
values of the critical exponent. Best scaling is found for b =
0.57(10). The solid line corresponds to the calculated scaling
function.
same T = 0 dynamics.
The main result of the present work is that the mea-
sured scaling function is in excellent agreement with
the exact result for this class of phase transitions (solid
line in Fig. 4) that was evaluated numerically follow-
ing Refs. [10, 20, 23]. The comparison to the arbitrar-
ily normalized neutron scattering data was obtained by
only fitting an overall scale factor (vertical shift along
the logarithmic ordinate). This is different from previ-
ous studies of scaling of the dynamic structure factor in
spin chains [39, 40] and ladders [41], which focused on
the z = 1 Tomonaga-Luttinger liquid regime. For that
situation the scaling function is also known exactly, but
explicitly depends on the Luttinger parameter, which
in turn depends on the applied magnetic field and the
magnitude of XXY anisotropy in the system. In con-
trast, in the present case of z = 2 quantum criticality,
to apply the exact theoretical result, we did not require
any information about BPCB other than it being one-
dimensional, free of magnetic anisotropy and having a
quadratic magnon dispersion relation at the transition.
Our work is entirely devoted to the universal low en-
ergy dynamics in the system. Nevertheless, we would like
4
to draw the reader’s attention to a peculiar non-universal
spectral feature that emerges in a slightly magnetized
ladder. Specifically, we observe a distinct splitting of
both the middle and upper triplet bands at their max-
ima. Further work, particularly numerical simulations,
will be required to understand this behavior. To this
end, in the supplement we present some additional data
highlighting this feature [29]. Here, we may only sug-
gest that the appropriate language to describe it may be
found in the mapping of the insulating spin ladder to a
one-dimensional t − J model as suggested in Ref. [33].
Clearly, in-depth studies will be needed to clarify this
issue.
In summary, long standing exact theoretical results
for the universal finite-temperature scaling behavior of
both specific heat and the local dynamic structure factor
at the z = 2 d = 1 quantum critical point have been
confirmed experimentally.
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Determination of the critical field
Inelastic neutron scattering measurements of the magnon dispersion have been performed at various values of
magnetic field. From these measurements the spin gap is determined. From a linear fit of the spin gap vs. applied
magnetic field, we find Hc = 6.66(6) T and g = 2.16(3) in agreement with previously published estimates [1].
Triplet dispersion and quasi-particle mass
For the strong rung ladder with γ = JLeg/JRung  1, a high order expansion in γ yields an excellent approximation
for the triplet dispersion relation. In Ref. 2 the following result is obtained up to third order in γ:
(q‖) = JRung
(
1 + γ cos(q‖) +
γ2
4
(
3− cos(2q‖)
)− γ3
8
(
2 cos(q‖) + 2 cos(2q‖)− cos(3q‖)− 3
))
. (1)
Fitting this dispersion to our neutron scattering data, we find good agreement for JLeg/kB = 3.54(3) K and
JRung/kB = 12.67(6) K (γ = 0.28) as shown in Fig. 1. These estimates are fully consistent with previously
published values [1]. In the vicinity of the parabolic minimum at q‖ = pi, we thus obtain
(q‖) ≈ 1
2
JMin(q‖ − pi)2 =
~2(q‖ − pi)2
2m
, (2)
where JMin/kB = 5.07(10) K is the band curvature and m = ~2/JMin the triplet quasi-particle mass.
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FIG. 1. False color plot of the background subtracted inelastic neutron scattering intensity measured at H = 6 T. For the
middle triplet the black solid line corresponds to eqn. 1 with JLeg/kB = 3.54 K and JRung/kB = 12.67 K. The red dotted
line shows the parabolic approximation (eqn. 2) at the dispersion minimum. For the low energy triplet the same curves are
simply shifted by the Zeeman energy.
Separation of symmetric and anti-symmetric excitations
The neutron scattering intensity as measured in our experiments on the spin ladder compound BPCB is given by
I(Q, ω) ∝ |F (Q)|2
[
4
(
1− Q
2
z
Q2
)[
s+(Q)Szz+ (q‖, ω) + s−(Q)Szz− (q‖, ω)
]
(3)
+
(
1 +
Q2z
Q2
)[
s+(Q)S⊥+ (q‖, ω) + s−(Q)S⊥− (q‖, ω)
]]
.
Here F |Q|2 is the magnetic form factor of the Cu2+ ion [3, 4] and q‖ = Q · a is the wave vector transfer along the
leg of the ladder. The rung structure factors read [5, 6]
s±(Q) =
1
4
(2± cos(Q · d1)± cos(Q · d2)) , (4)
where the vectors d1,2 = [0.3904,±0.1598, 0.4842] in relative lattice units define the orientation of the ladder rungs
for the two inequivalent ladders per unit cell in BPCB [7].
Near the gapped-gapless quantum critical point, the low energy universal critical fluctuations are decendants of
the low energy triplet band i.e. they are due to the transverse antisymmetric structure factor component S⊥− (q‖, ω).
The non-universal fluctuations present at low energy are due to scattering within the lower triplet band, conserve
the number of triplons and therefore lie in the symmetric longitudinal structure factor Szz+ . The remaining structure
factor components Szz− (q‖, ω) and S⊥+ (q‖, ω) of Eq. 3 do not carry any spectral weight at low energies. Thus for our
experiments, at low energies and after correction for the magnetic form factor, the scattering intensity is given by
I(Q, ω) ∝ 4
(
1− Q
2
z
Q2
)
s+(Q)Szz+ (q‖, ω) +
(
1 +
Q2z
Q2
)
s−(Q)S⊥− (q‖, ω). (5)
The low energy universal and non-universal excitations might therefore be separated either by their different spin
polarization or by their different symmetry. A polarized neutron experiment of this scale is technically infeasible
today. However, in the present data sets we can separate symmetric and antisymmetric excitations as follows: At
every fixed (q˜‖, ω˜), from the modulation of the measured scattering intensity along the non-dispersive reciprocal
space directions qb, qc, we can deduce S˜zz+ = Szz+ (q˜‖, ω˜) and S˜⊥− = S⊥− (q˜‖, ω˜). In practice we proceed as follows:
First, at a fixed (q˜‖, ω˜) we integrate the measured scattering intensity I(Q, ω) over two regions where s+(Q) > 0.7
or s−(Q) > 0.7, respectively:
I1 =
∫∫
s+(Q)>0.7
dqb dqc I(Q, ω˜), I2 =
∫∫
s−(Q)>0.7
dqb dqc I(Q, ω˜), Q = (q˜‖, qb, qc). (6)
These two intensities each contain scattering due to symmetric and antisymmetric excitations: (Since the scattering
intensity in our experiment was not calibrated to absolute units, we ignore the proportionality relation of Eq. 5. The
result will also be in arbitrary units.)
I1 = α1S˜zz+ + β1S˜⊥− , I2 = α2S˜zz+ + β2S˜⊥− . (7)
The coefficients α1,2 and β1,2 are calculated by integrating the prefactors of Eq. 5 in the same way as the measured
scattering intensities. Now we can simply solve the two linear equations for the two structure factor components:
S˜zz+ = −
β2I1 − β1I2
α2β1 − α1β2 , S˜
⊥
− = −
−α2I1 + α1I2
α2β1 − α1β2 . (8)
Naturally, in a scattering experiment, the measured intensity is associated with a statistical error. These errors for
the integrated intensities I1,2 we denote σ1,2. For the extracted ladder structure factors S˜zz+ and S˜⊥− we find error
estimates
σ+ =
√
β22σ
2
1 + β
2
1σ
2
2
(α2β1 − α1β2)2 , σ− =
√
α22σ
2
1 + α
2
1σ
2
2
(α2β1 − α1β2)2 . (9)
2
Of course when defining the distinct regions in reciprocal space by s+(Q) > 0.7 or s−(Q) > 0.7, respectively, the
threshold value of 0.7 is arbitrary. In fact we have obtained the same results with different choices of this value.
In summary, repeating the above procedure at every point (q‖, ω) at low energies, we obtain separately the
symmetric longitudinal and antisymmetric transverse ladder structure factor components Szz+ (q‖, ω) and S⊥− (q‖, ω),
respectively. The plots in Fig. 3(h,i,j) of the main paper illustrate this decomposition for the neutron spectrum
obtained at H = 6.75 T and T = 0.35 K.
Finally, we comment on the applicability of this procedure: For a simple compound with a single two-leg
ladder per unit cell, this separation of structure factor components works perfectly. In the studied compound
BPCB there are two inequivalent ladders per unit cell. However, their rung-vectors only differ along one axis
(d1,2 = [0.3904,±0.1598, 0.4842] relative lattice units). Thus in large portions of reciprocal space the rung-structure
factors s±(Q) take very different values and our procedure works very well. However, in an even more complex
crystal structure with several inequivalent ladders per unit cell, the two rung-structure factors s±(Q) might not vary
much and take very similar values. In this case there would be very little ‘contrast’ between the symmetric and
antisymmetric excitations and separating the two components might be difficult or impossible.
Evolution of the high energy triplet branches upon magnetizing the ladder
The present work has exclusively focused on the low energy universal fluctuations near the z = 2 quantum critical
point. However, upon magnetizing the ladder, we also observe a peculiar splitting of the two high energy triplet
bands. In this section we present our data in a slightly different fashion than in the main paper so as to highlight
these features.
Our experiment on the LET spectrometer made use of repetition rate multiplication [8]. This means, we have
simultaneously obtained data with different incident energy neutrons: Ei = 1.35, 2.20, 4.20, 10.97 meV. The energy
resolution (at zero energy transfer) achieved in these data sets is Γ = 0.019, 0.036, 0.097, 0.409 meV (full width at
half maximum), respectively. In the Ei = 1.35 meV channel the intensity was very low. Thus, in the main paper
we use the Ei = 2.20 meV data for studying the low energy spin dynamics. In the following, we also present data
obtained at Ei = 4.20 meV. At the cost of lower resolution, this data extends to higher energy transfer, also covering
the high energy triplet mode.
In Fig. 2 we summarize all data obtained in the vicinity of the critical field Hc = 6.66(6) T. In this figure, the
Ei = 2.20 meV data is plotted exactly as in the main paper, except for the addition of one data set obtained at
H = 6.00 T, T = 0.35 K. Upon magnetizing the ladder we observe a split-off feature appearing near the band
maxima of both the middle and high energy triplet bands. To quantify this evolution, in figure 3 we show cuts
through the dispersion maximum at q‖/2pi = 0.
We make the following observations:
• Upon magnetizing the ladder, near the band maxima of the middle and the upper triplet band, a new feature
appears and gains spectral weight.
• This branch does not split off the main magnon band. It appears and gains spectral weight with the ‘gap’
between the new feature and the main triplet band roughly constant at ∆ ∼ 0.15 meV.
• The band maximum of the low energy triplet remains essentially unchanged upon slightly magnetizing the
ladder.
Finally we note that in all data sets obtained at Ei = 4.2 meV, there is an apparent ‘line’ of low intensity at
~ω ≈ 1.9 meV, independent of magnetic field or temperature. Most likely, this is an experimental artifact and not
due to spin dynamics in the sample.
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FIG. 2. Inelastic neutron scattering spectra measured with Ei = 4.2 meV (a-g) and Ei = 2.2 meV (h-n) incident energy
neutrons, respectively. The data sets are integrated fully along the two non-dispersive reciprocal space directions. Plots (i-n)
are identical to the ones presented in Fig. 3 of the main paper.
Upon magnetizing the ladder we observe a distinct splitting of the two high energy triplet bands at their maxima.
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FIG. 3. Cuts through the dispersion maximum: The measured scattering intensity is integrated in a narrow slice q‖/2pi ∈
[−0.05, 0.05] and fully along the two non-dispersive reciprocal space directions.
In an increasing magnetic field we observe the Zeeman-splitting of the tripplet bands. Upon magnetizing the ladder (Hc =
6.66(6) T), both for the middle and the high energy triplet band, we observe the ‘split-off’ feature appearing as a new peak
gaining intensity.
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